In the past two decades, bulk heterojunction-organic photovoltaic devices (BHJ-OPVs) have emerged as attractive candidates for solar energy conversion due to their light-weight design and potential for low-cost high-throughput, solution-phase processability. Interfacial engineering is a proven efficient approach to achieve OPVs with high power conversion efficiencies (PCEs). This mini-review provides an overview of the key structural considerations necessary when undertaking the molecular design of conjugated 
However, a simple BHJ structure alone is not sufficient to achieve efficiencies of this magnitude -a more complex multilayer device architecture comprised of interfacial layers on either side of the active donor-acceptor composite is required ( Figure 1 ). These interfacial layers perform a variety of functions, from charge collection and transport, 7, 8 to diminishing detrimental factors such as current leakage, poor energy level alignment, charge recombination,etc. [9] [10] [11] This leads to remarkable improvements in the intrinsic device parameters, such as the short-circuit current density (J sc ), open-circuit voltage (V oc ) and fill factor (FF) and, thus, the overall PCE of the device. 16 and conjugated polyelectrolytes (CPEs). [17] [18] [19] Water-soluble CPEs possessing conjugated organic backbones and highly polar charged side chains (i.e. containing cationic or anionic groups) are particularly attractive in this regard since their orthogonal solubility prevents re-dissolution of the hydrophobic BHJ layer during device fabrication. Moreover, they are extremely effective as IL materials, and their incorporation can routinely result in a greater than 20% improvement in the PCE compared to reference devices. 18, [20] [21] [22] [23] [24] [25] CPEs also offer considerable structural versatility, both in terms of the nature of the repeat unit on the conjugated backbone and the chemical composition of their side-chains. 26 Among the various structural classes, polythiophene-based CPEs have recently emerged as promising new candidates for ILs, 18, 22, 25, 27, 28 as they can be readily synthesized with a high degree of control over their structure and molecular weight, which allows for detailed investigation of structureproperty relationships and thus, improved insight into their mode of action as interfacial layers.
In this mini-review, we focus on the key structural considerations when undertaking the molecular design of polythiophene CPEs for application as interfacial layers. Firstly, we consider the primary functions of ILs within the device, which will inform the design strategy.
Secondly, we discuss the advantages and disadvantages of competing classes of IL materials, so that potential sources of weakness can be identified and overcome. Informed by this background, we will then present design guidelines for the synthesis of polythiophene CPEs with tailored structures targeted to their application as high performance IL materials. Finally, we finish with a brief outlook into the challenges and opportunities for CPEs as IL materials for OPV and other emerging solar cell technologies. 
ROLE OF THE INTERFACIAL LAYER
Depending on the direction of charge, OPV cells can be classified as either forward (conventional) or inverted devices, as shown in Figure 1 . In the conventional single-junction device, the active and interfacial layers are sandwiched between a transparent anode such as indium tin oxide (ITO) and a low work function (W F ) metal cathode such as Ca or Al. Under solar irradiation, photogenerated excitons in the active layer diffuse towards the donor/acceptor interface where they dissociate into discrete holes and electrons in the highest occupied molecular orbital (HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor, respectively. From here, the separated holes and electrons are transported within their respective phases of the active composite until they are collected at the oppositely charged electrodes. In the inverted single-junction device architecture, high W F metals such as Au or Ag are used as the anode and ITO-modified glass is used as the cathode, which reverses the polarity of charge collection. 4 Since Au and Ag are less air-sensitive than their low W F metal counterparts, inverted devices are often more stable than conventional OPV cells. 29 In both architectures, anode and cathode interfacial layers (AIL/CIL) are present to mediate charge extraction at the active composite-electrode interfaces, with the ultimate aim of improving the PCE of the device. However, the IL can in fact perform a variety of functions, which are described in more detail below, the nature and extent of which depend on both the material used and the device architecture. The chemical structures of some of the conjugated polymer interlayer materials described (identified as bold in the text) are shown in Schemes 2-5. We note that while some CILs function as electron transport layers (ETLs) and some AILs function as hole transport layers (HTLs), the terms are not synonymous. For clarity, we will only use the terms ETL and HTL if there is clear experimental evidence that the interfacial layer in question contributes directly to the charge transport process. 
Energy level alignment at the electrode/active layer interface
In BHJ-OPV cells, the maximum achievable V oc is dependent on the difference between the quasi-Fermi levels of the photoinduced holes, E F,h , formed in the donor and the photoinduced electrons, E F,e , generated in the acceptor, and whether Ohmic contacts can be formed with both the electrodes ( Figure 1c ). 30 When a non-Ohmic Schottky contact is formed on either or both sides of the BHJ/electrode interface, the V oc is reduced (V oc-red in Figure 1c ).
The magnitude of this reduction will depend on the difference between the work functions of the electrodes. 31 Therefore, it is crucial to understand the interfacial electronic structure and energy level alignment at the electrode/BHJ interface to design better contacts and thus improve charge extraction. Unfortunately, the nature of contact formation between the electrode and active layer is complicated by a wide variety of interfacial effects including charge transfer, dipole formation, formation of interface states, etc., which depend on the type and strength of interactions between the two materials, as well as the order of contact formation, such as organic-to-metal or metal-to-organic. 32 The introduction of an interfacial layer can greatly lower the interfacial contact resistance between the hydrophilic metal electrodes and the hydrophobic active BHJ through the formation of interfacial dipoles, which promote Ohmic contact and, thus, improve the V oc (and FF). 21, 33 An early study by Heimel et al. used density functional theory (DFT) calculations to demonstrate that the orientation of the poly(3-hexylthiophene) (P3HT) chains (and also for its fluorinated derivative, where the terminal methyl groups on the hexyl side chains are substituted with -CF 3 groups) with respect to the organic/organic or inorganic/organic device interfaces had a decisive impact on energy level alignment at such heterojunctions. 34 In this study, P3HT was selected purely as an instructive prototypical material commonly used in organic semiconductor devices. They elucidated that the ionization energies (IE) and the electron affinities (EA) of the polymers were dependent on their orientation. Specifically, the IE and EA of P3HT decreased by 0.4 eV between face-on and edge-on configurations, in contrast to fluorinated-P3HT, which exhibited an increase of 1.8
eV. The orientation dependence was attributed to the intrinsic surface dipoles of planar π-conjugated systems and the intramolecular polar bonds. 34 Consequently, controlled orientation The polar side groups on the CPE led to the formation of large interfacial dipoles which effectively reduced the W F of the different metal cathodes investigated (Al, Ag, Cu and Au), leading to Ohmic contact and improved PCEs.
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Scheme 2. Chemical structures of some representative conjugated polymers and molecules used as interfacial layer materials in organic photovoltaic devices.
Improved charge selectivity and depressed surface/interfacial recombination
In an ideal OPV device, selective contacts on either side of the BHJ composite will collect one charge carrier type, while completely blocking the opposite. 35 However, in a typical homogeneously mixed BHJ layer both the donor and acceptor are in contact with both electrodes. As a direct consequence, undesired charge recombination and electron quenching can occur at these interfaces. The introduction of interfacial layers can lead to proper charge selectivity at the electrode/active layer interface, thus minimising charge recombination and leading to improved PCE. Fermi contact can be formed. 40 Simultaneously, such HTLs block electron transport and prevent detrimental current leakage, 10 and IL materials with bandgaps larger than those of the donor and acceptor can also help confine excitons in the active layer to increase the probability of exciton dissociation. substrates. 42 Although this phase separation initially led to improved device efficiency during casting, it introduced significant recombination losses upon annealing.Furthermore, electrodes which have rough surfaces can lead to direct shorts and local high fields and, thus, current leakage can occur. 43 Han et al. observed that amorphous tungsten oxide (WO 3 ) thermally deposited directly on top of an ITO electrode transforms the root mean square (RMS) roughness of the bare ITO surface from 2.80 nm to 0.88 nm, which is comparable to PEDOT:PSS modified electrodes (0.81 nm). 44 The observed improvement in FF from 0.56 to 0.70, before and after the addition of WO 3 , respectively, was attributed to suppressed charge recombination near the anodes due to this reduced surface roughness.
Introduction of an optical spacer to modulate light absorption
In both conventional and inverted device architectures incident light enters the OPV cell through the transparent top electrode and is reflected back into the active layer by the metal electrode, forming a standing wave within the device. 4 However, optical interference losses within conventional and inverted devices can result in reduced cell efficiencies. 45, 46 Therefore, the ability to control interference effects to maximise the optical field strength within the thin film is important to improve light absorption. 46, 47 By modulating the thickness of transparent ILs, it is possible to enhance photocurrent via the optical spacer effect. 48 Optical spacer 
Improved interfacial stability between the active layer and electrodes
ILs can also play an important role in improving device stability. [51] [52] [53] This includes the ability to: (i) form robust films to protect the underlying materials from deposition damage of subsequent layers; 32 (ii) create conformal contacts with improved adhesion between the active layer and electrodes which prevent interfacial dewetting and delamination; 52 (iii) hinder the penetration of water and oxygen; 51 and (iv) block the diffusion of unwanted species from the electrodes, such as metal particles, during device fabrication and operation. and some disadvantages to be considered, are summarised in Table 1 . While the focus of this mini-review is on ILs based on conjugated polythiophenes, it is pertinent to first discuss competing approaches to glean further insight into the molecular design requirements. 61 A conventional device incorporating the CIL and based on aPTB7-Th:PC 71 BM active layer exhibited a PCE of 9.16%, which was a 41% increase compared to the device with no CIL (6.5%). 61 The improvement was attributed to a decrease in the W F of the cathode through the surface dipole interaction of the amino-functionalised polar side groups, with the extended π-conjugated backbone of FNEZnP-OE by the ethynyl linkages thought to be beneficial for enhanced electron transport.
CLASSES OF MATERIALS USED IN INTERFACIAL LAYERS
The archetypical organic HTL materials are based on doped polymers, most commonly PEDOT:PSS, which is typically used to modify the ITO anodes and assist hole extraction from the active layers, due to its high electron conductivity, transparency in the visible region of the spectrum and resistance to the organic solvents used for subsequent layer deposition. 59 In addition, PEDOT:PSS simultaneously smooths rough ITO surfaces leading to a reduction in losses due to charge recombination. 69 However, the electron-blocking capability of PEDOT:PSS is not optimal, and it has even been incorporated as an electron acceptor in inverted-OPV devices. 70 Moreover, the acidic nature of PEDOT:PSS in a conventional device architecture is known to etch ITO and cause OPV degradation. 71 An alternative approach is to further modify the PEDOT:PSS by the addition of a thin polymer overlayer between the electrode and the BHJ composite. 72 However, this extra layer is known to complicate matters, such as energy level alignment and the local morphology of the BHJ. 
with a carboxylic acid-based side chain,
PBDTTPD-COOH, as an interfacial modifier between the ITO/PEDOT:PSS and BHJ layers
in an OPV device in order to deconvolute the possible role of such overlayers in the organisation of the active layer. 9 They concluded that the observed improvement in PCE upon addition of the overlayer in their devices was primarily driven by changes in the BHJ composition at the anode. 9 It was found that after addition of the PBDTTPD-COOH layer, the buried interface was no longer PCBM-rich, which reduced the extent of charge recombination at the interface and improved the PCE. 9 an Al electrode. 7 The improvement was attributed to the strong interfacial dipoles formed by the thin PFN layer, which caused an enhancement in the built-in potential across the active layer, and led to efficient charge carrier transport and collection. 7 Furthermore, it was shown that an even greater enhancement of 12.6% could be achieved if the active layer was first presoaked in a methanol solution, which was attributed to more ideal vertical phase separation. 
MOLECULAR DESIGN AND PERFORMANCE OF POLYTHIOPHENE IL MATERIALS

1.Nature of the ionic pendant group
In 2011, Bazan et al. reported on polythiophene-type cathodic interfacial materials containing pendant trimethylammonium groups (P1,Br) (Scheme 3). 18 For conventional architecture OPVcells based on PCDTBT:PC 71 BM, a PCE of 6.1% was obtained using a ETL based on this CPE, compared to 5.0% in its absence (Entry 1, Table 2 ). The ionic ammonium pendant groups allow orthogonal processing on top of the photoactive layer and grant the formation of a capacitive double layer, enabling improved charge extraction and thus, device efficiency. 22 When P1,Br was used as the CIL in P3HT:PC 61 BM-based OPVs annealed in air, the PCE was enhanced from 1.80% to 2.57% (Entry 2, Table 2 ). 27 In this case, the chain interactions between the P3HT donor and the P1,Br ETL enhanced the contact between the active layer and the Al electrode, resulting in improved electron extraction efficiency, as well as reduced electron-hole recombination. Replacing the ionic ammonium moieties with another ionic group may have a beneficial effect on the inherent I-V properties of OPVs. Table 2 ). Although the surface coverage on top of the photoactive layer was found to be comparable in these examples ( Figure   2 ), 17, 22 the observed morphology of the IL was noticeably different. In general, these materials lead to an incomplete photoactive layer coverage with the formation of stain-like structures with highly different height-width ratios depending on the ionic pendant groups. 17, 18, 22 As such, a high affinity of the CPE with respect to the underlying photoactive layer is required to achieve the highest performance enhancement in the OPV device. 
2.Molecular weight
The polymer chain length has also been identified as an important parameter controlling the IL performance. Maes et al. reported two ionic imidazolium-functionalized polythiophene homopolymers (P2,Br) with varying molecular weight (M n = 11.2 kDa and 32.6 kDa, respectively, for the bromide precursor polymers) for application as CILs in conventional OPV cells. 17 When used in combination with PCDTBT:PC 71 BM as the photoactive layer, the best PCE of 6.22% was obtained for the highest molecular weight polymer (Entry 3, Table 2 ).
Topology of the polymer
Charge extraction and transfer are intimately linked to the morphology of the IL. As such, control of the morphology is crucial, especially in inverted solar cells, where the morphology of the photoactive layer and thus, the device performance can be severely affected by the cathode interfacial topology. 79 In this respect, block copolymers are an interesting route to control the self-assembly of the IL material into nanostructured morphologies, which is driven by the thermodynamic incompatibility of the two blocks. 80 solvents, this conjugated block copolyelectrolyte was used as an electron-extracting layer in BHJ-OPV cells and its performance was compared to that of the corresponding ionic polythiophene homopolymer (P1,Br). 18 The CPE block showed a moderately improved performance compared to its homopolymer counterpart, leading to PCEs of 6.2% and 6.1%, respectively, when combined with PCDTBT:PC 71 BM as the photoactive layer (Entry 1, Table   2 ). Water contact angle (θ) measurements performed on the surface of PCDTBT:PC 71 BM and PCDTBT:PC 71 BM/CPE layers indicated that compared to the hydrophobic photoactive layer (θ ≈ 90°), introduction of the CPE IL leads to a moderately hydrophilic surface for P1,Br (θ ≈ 45°) and fully hydrophilic surface for P5,Br (θ< 30°), which suggests accumulation of the ionic component at the topmost organic surface (Figure 3) . The segregation of the hydrophobic and hydrophilic blocks in P5,Br provides a more polar surface, which may lead to improved formation of interfacial dipoles and may explain the slightly better PCE. A similar positive effect in solar cell performance was also observed
for CILs based on all-conjugated cationic diblock copolymers composed of two polythiophene blocks (P6,DS) with regard to their homopolyelectrolyte counterpart (P4,DS) (Scheme 3). 25 When combined with a PBDTTPD:PC 71 BM photoactive layer, CILs based on both the homo and diblock CPEs led to an PCE improvement of >20% compared to the corresponding device incorporating a Ca interfacial layer, mainly due to an increase in the J sc (Entry 7, Table 2 ).
P4,DS and P6,DS exhibit similar photovoltaic performance leading to PCEs of 8.65% and 8.78%, while P6,DS shows a higher affinity towards deposition on top of the photoactive layer.
This indicates that while the affinity of the IL material for the photoactive layer is important for obtaining optimal photovoltaic performance, additional parameters such as the permittivity of the CPEs and the ability to create a stable capacitive double layer are also required. The differences in the W F of the two diblock-CPE modified electrodes were found to depend on the polar nature of the terminal ionic group on the side chains, with imidazolium derivatives leading to a larger dipole moment than quaternary ammonium salts, as evidenced by Kelvin probe microscopy (KPM) and DFT calculations. These diblock CPEs spontaneously selfassemble into a scolopendra-like face-on arrangement on the ITO cathode and act as a template to induce partial face-on arrangement of the donor. This face-on orientation of the donor results in improved charge mobility along the p-p stacking direction relative to that along the lamellar direction and overall an increased PCE. 86 Hence, using P7,Br and P8,Br as CILs with a P3HT:PC 61 BM photoactive layer, the device PCE was improved from 0.8% to 3.1% and 3.5%, respectively (Entry 8, Table 2 ). 79 The density of the ionic functionality in CPEs is an important parameter to consider in view of fine-tuning their electrical properties. 87 In addition, although the presence of ionic pendant groups allows the creation of a capacitive double layer, which improves charge extraction and thus, device efficiency, it reduces affinity of the IL material for the hydrophobic photoactive layer. 22 In this respect, Maes et al. prepared a specific random (50/50) copolythiophene with triethylene glycol and imidazolium-substituted hexyloxyethyl side chains (P9,TFSI) 88 (Scheme 3) and used it as a CIL in an OPV device. 22, 89 Compared to traditional alkyl side chains as previously used in the copolymers mentioned above, triethylene glycol (TEG) side chains allow a high polarity and solubility in polar solvents to be maintained.
For conventional OPV cells based on PBDTTPD:PC 71 BM, a PCE of 8.21% was obtained using this CPE as the IL, compared to 7.44% for the imidazolium-based homopolyelectrolyte (P2,TFSI) (Entry 5, Table 2 ). By introducing a certain amount of non-ionic side chains, the affinity of the material to the photoactive layer was enhanced compared to its homopolyelectrolyte counterpart. Impedance spectroscopy measurements performed on P3,TFSI and P9,TFSI materials also indicated that the presence of the TEG chains in the random copolymer stabilize the interfacial dipole.
Nature of the counterion
Charge-compensating counterions should be taken into consideration in the molecular design of CPEs since their properties (size, hydrophobicity, mobility, redox potential, charge density...) enable fine-tuning of the optoelectronic properties both in solution and in the solidstate. [90] [91] [92] [93] Bazan et al. have notably reported that the solid-state photoluminescence properties of a cationic CPE based on a poly((9,9-dihexylfluorene)-alt-(4,7-(2',1',3'-benzothiadiazole))) backbone (PFTB-X) (Scheme 4) can be manipulated by changing the size of counterion: larger anions lead to increased interchain distance and thereby, increased emission quantum yields. 94 The same authors also showed that replacing the bromide counterion with the larger tetrakis(1- Generally, ionic side groups are introduced by quaternization of a bromide-bearing precursor polymer, thus leading to CPEs with a bromide counterion. The presence of this bromide counterion implies that all these CPEs exhibit a strong hygroscopic behaviour. 22, 88, 95 Indeed, rapid heat-cool calorimetry (RHC) analysis of both cationic homopolyelectrolytes (P2-P4,Br) and block copolyelectrolyte-based P3HT CPEs (P10-P13,Br) (Scheme 3) revealed an important endothermic effect during the first heating, which indicated the presence of a significant amount of water. During the second heating cycle, this effect is no longer present but reappears when these materials are stored under ambient conditions, proving their hydrophilicity. 95 Since the performance of CPEs as interfacial layers involves the formation of dipoles at the interface, the presence of a variable amount of water in these CPEs may lead to a high irreproducibility in the device efficiency. For these reasons, hygroscopic bromide anions should be avoided and exchanged for more hydrophobic counterions such as bis(trifluoromethylsulfonyl)imide (TFSI). with a Ca IL) 21 but also, with low bandgap polymer-based BHJ systems such as PTB7:PC 71 BM (PCE = 6.47% for P1,DBS vs. 5.46% with a Ca IL) (Entry 9, Table 2 ). A similarly beneficial effect on device performance was also observed when dodecyl sulfate (DS) surfactant was used as a counterion to replace bromide. 25 When P4,DS was used as a CIL in conventional OPV devices based on PBDTTPD:PC 71 BM, the PCE was enhanced from 7.18% to 8.65% (Entry 7, Table 2 ). Beyond the improvement in device efficiency, enhanced device stability in air may be also achieved by using such CPE-surfactant complexes as ILs instead of Ca. 21 By exploiting the electrostatic self-assembly between an ionic liquid crystal (ILC),
(CbpNSO) and P1,Br, the interfacial dipole orientation and thus, the W F of ITO (4.02 eV for P1,CbpNSO vs. 4.93 eV for neat ITO) was also manipulated in inverted OPV cells. 96 Indeed, introduction of ILC pendant groups led to improved ordering of the CPE and thus, crystallinity in the film, as observed by small angle X-ray scattering (SAXS), which is more desirable for forming an aligned dipole moment. 97 The reduction in W F caused by the enhanced orientation of dipole moment also increases the built-in field, which helps to facilitate exciton dissociation and increase the photogenerated-carrier collection. For instance, inverted OPV devices based on P3HT and the low bandgap poly((4,8-bis(5-(2-ethylhexyl)thiophene-2-yl)benzo[1,2-b:4,5- [3,4-b] thiophenediyl)) (PBDTTT-C-T) with the P1:CbpNSO complex (Scheme 3) exhibit an improvement of the average device efficiency when compared with a ZnO ETL (Entry 10, Table 2) . 96 In addition, due to the strong ability of liquid crystals to orient themselves along the direction of the field, 98, 99 the dipole orientation in the P1:CbpNSO interlayer can be readily manipulated by applying an external electric field.
Zwitterionic polythiophenes
Although the CPEs described above improve the performance of OPV cells when incorporated as ILs, the presence of a mobile counterion which migrates during device operation and redistributes the internal electric field, [100] [101] [102] can affect the long-term photovoltaic performance. In this respect, conjugated polymer zwitterions (CPZs) with cations and anions covalently bonded together to eliminate mobile ions have been developed as interfacial layers in OPVs. 103 In 2013, Emrick et al. reported the synthesis of sulfobetaine-substituted polythiophene CPZs with methylene (P14) and butylene tethers (P15) separating the zwitterions from the backbone (Scheme 5). 104 Due to the electron-withdrawing effect of the cationic group on the zwitterion, 103 the length of the CH 2 spacer was found to dramatically influence the ionization potential and band gap of these polymers, going from 2.19 eV for P14 to 1.96 eV for P15. 104 The influence of the alkyl spacer is also reflected in the photovoltaic performance obtained for P14 and P15. Both P14 and P15 improved the efficiency of OPVs when used as an IL in combination with PTB7:PC 71 BM, with the highest values being obtained for longer side chains. 105 Since the improvement of the device performances are correlated with the value and the orientation of the interfacial dipole, the greater side chain flexibility for P15 is believed to facilitate their orientation along the surface. Near edge X-ray absorption fine-structure (NEXAFS) measurements indicated a face-on orientation for CPZs with respect to the underlying active layer. 105 Moreover, modelling of the electrostatic alignment of the dipolar zwitterionic side chains in the vicinity of a metal surface revealed that the anion of the zwitterion points towards the surface, leading to a negative interfacial dipole.
This interfacial dipole can be further improved by replacing a thiophene unit by benzothiadiazole (P16 and P17, Scheme 5), leading to higher device performance (2.82% for P16 and 5.85% for P17; interlayer thickness: 5 nm). 105 The HOMO and LUMO levels, and the band gap, of polythiophene-based CPZs can be adjusted by incorporating acceptor moieties such as diketopyrrolopyrrole or isoindigo units, thus enabling their electron-extracting and hole-blocking capabilities to be modulated. 106 For example, compared to pure polythiophene- Table 2 ). Upon introduction of these pyridinium-substituted polythiophenes, the W F of the ITO was found to decrease from 4.6 eV to 3.8 eV beyond n = 3. 111 It is interesting to note that up to n = 3, the W F of the ITO oscillates predictably between approximately 3.8 and 4.0 eV irrespective of the repeated cycles. This behaviour was assigned to the modulation of the electron affinity of ITO. 112 The appropriate value of the W F of the ITO/(P23/PEDOT:PSS) 5.5 multilayer enabled its use as a cathodic interfacial modifier for inverted polymer solar cells incorporating a photoactive layer composed of either P3HT:PC 61 BM or PBDTTPD:PC 71 BM.
Devices fabricated using this IL material exhibit PCEs of 3.8% and 5.6% for P3HT and PBDTTPD donor polymers, respectively. 111 In addition to these good efficiencies, significant long-term stability in air was demonstrated for both devices, with P3HT:PC 61 BM and PBDTTPD:PC 71 BM devices maintaining 83% of the initial performance after one year of storage and 97% of the initial performance after 1000 h of storage in air, respectively (Entry 12, Table 2 ).
The drawbacks associated with the acidity and hygroscopicity of PEDOT:PSS may be offset through the introduction of additives. In this respect, the anionic CPE poly [9,9- 114, 115 By tuning the amount of P24 in the PEDOT:PSS, the surface potential and conductivity of the HTL could be improved. As a result, when 0.4 wt% of P24 was added to a PEDOT:PSS solution, a maximum PCE of 8.2%
vs. 7.8% for pristine PEDOT:PSS was reached in a conventional OPV architecture based on the PTB7:PC 71 BM system (Entry 13, Table 2 ). 113 More importantly, the long-term stability of these devices was also increased by more than five times compared to the pure PEDOT:PSS HTL.
Co-assembly of polythiophene CPEs with metal oxides
A remarkable improvement in device performance can be achieved by the incorporation of CPEs with n-type metal oxides into polymer solar cells as the ETL. 79, 116 This combination can provide improved band alignment at the PCBM-cathode interface and better contact between the active layer and metal oxide, thus improving the PCE. 117, 118 Chen et al. reported the synthesis of three polythiophenes bearing anionic sulfonate (P25), neutral diethanolamino (P26) (Scheme 5) and cationic ammonium (P1,Br) groups (Scheme 3). 116 These polymers were deposited on the surface of ZnO to form a ZnO/CPE ETL in inverted polymer solar cells with the goal of determining how the nature of the charge on the CPE influences the interfacial interaction and how it can improve the device performance. Under these conditions, the nitrogen atom of P26 is partially protonated, as evidenced by X-ray photoelectron spectroscopy (XPS). In the case of ZnO/P1,Br and ZnO/P26 ETLs, XPS measurements also indicated a shift to lower binding energy for the O 2 − ions which may be associated with the higher negative charge density due to the electrostatic interaction operating between the CPE and ZnO.
Electrostatic interactions at the ZnO−CPE interface promoted orientation of the polar groups and backbone of CPE leading to the formation of an interfacial dipole between CPE and ZnO layer. This electrostatic self-assembly also allows voids at the ZnO−active layer interface to be filled, and thus improved alignment of the LUMO energy, as well as compatible interactions at the ZnO−active layer interface. Consequently, smoother films (with the exception of P25) and a more hydrophobic surface were achieved when depositing these CPEs onto ZnO films. 116 The anionic polythiophene P25 provides the lowest device performance (3.47%) due to the lack of electrostatic interactions and a built-in potential, which induces a positive dipole orientation (Entry 14, Table 2 ). When partially protonated, amine (P26) and ammonium (P1,Br)-substituted polythiophenes were used in combination with ZnO, higher PCEs of 3.98% and 4.08%, respectively, due to the strong electrostatic interactions were reached (Entry 14, Table 2 ). It is also important to note that UV treatment for ZnO/cationic P1,Br ETL enabled further improvement of the PCE to 4.45% (Entry 14, Table 2 ).
Block copolyelectrolytes can also be used as ETLs in combination with ZnO. 
SUMMARY AND OUTLOOK
CPEs are frequently used as interfacial, charge transport and extraction layer materials in OPVs. Among the CPEs exploited as interfacial layers, ionic polythiophenes have emerged as highly attractive candidates due to their environmental/thermal stability, electrical conductivity and solution processability. In addition, the availability of robust synthetic methods offers the opportunity to prepare multiple polymer topographies (homopolymers, random/block copolymers) with a high degree of control over the final structure and molecular weight. the potential barrier at the interface with the photoactive layer. 123 Similarly, the introduction of a thin layer of P1,Br between an ETL of PC 61 BM and the Ag cathode led to a decrease in the W F of Ag from 4.7 eV to 4.13 eV due to the formation of interfacial dipoles with a negative charge. 124 Although there are only a handful of reports in the literature thus far demonstrating the use of polythiophenes, and indeed conjugated polymers in general, as interfacial layers in PSCs, this is certain to change as the field matures and benefits from the lessons learned by the organic photovoltaics community.
